Abstract. Plasmodial fragments of Physarum polycephalum, excised from anterior regions of a thinspread plasmodium, contracted-relaxed cyclicly with a period of 3-5 min. The area of the fragments decreased •10% during contraction. In most cases, there was little endoplasmic streaming which indicates that contractions were synchronized throughout the fragment. By both polarized light and fluorescence microscopy, the organization and distribution of the cytoplasmic actomyosin fibrils in the fragments changed in synchrony with the contraction cycle. The fibrils formed during the contraction phase, and finally became a highly organized framework consisting of a three-dimensional network of numerous fibrils with many converging points (the nodes). During relaxation, the fibrils degenerated and disappeared almost completely, though some very weak fibrils remained near the nodes and the periphery. The results obtained by fluometry of the fragments, stained with rhodamine-phalloidin, suggested that the G-F transformation of actin is not the main underlying process of the fibrillar formation.
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T HE cytoplasmic actomyosin fibrils in the Physarum plasmodium intimately participate in the generation of motive force (1-4, 8, 10-12, 15, 17, 18, 23, 28) . However, the morphodynamics of the fibrils have not been sufficiently elucidated in connection with the contractility of the plasmodium.
Wohlfarth-Bottermann and his co-workers (6, 30, 31) observed by electron microscopy that the fibrils were newly generated in the hanging plasmodial strand at the contraction phase and degraded at the relaxation phase. On the other hand, Nagai et al. (24) asserted that well-developed microfilament bundles (cytoplasmic fibrils) formed at the early phase of contraction as the result of changes in the aggregation pattern of F-actin, and that they transformed into kinky aggregates at the maximum contraction. The disagreement between these observations about the morphodynamics of the fibrils has not been resolved.
Cytoplasmic fibrils in the anterior region of a thin-spread plasmodium appear-disappear cyclicly coupled with the shuttle streaming (9, 11, 13, 25) . However, it is hard to determine definitely the phase of the contraction cycle from the streaming direction (9) , because the endoplasmic flow is caused by the difference in the local inner pressure (15) . To elucidate the morphodynamics of the fibrils related to the contractility, a system must be developed to represent simultaneous indications both for the morphological change of the fibrils and the phase change of the contraction cycle. Using plasmodial fragment, we were able to clarify the phase relationship of the two cycles.
Materials and Methods

Preparation of Plasmodiai Fragment
Plasmodia of Physarum polycephalum were reactivated from sclerotia before use because they contained few starch grains that can interfere with polarized light microscopy. Thin-spread plasmodia were prepared by the method of Kamiya and Kuroda (16) with slight modifications (11). The anterior regions of the thin-spread plasmodia were dissected with a scalpel to make fragments of discoid or ellipsoid shape, 100-200 ~tm in size. The fragments were overlaid with cover slips that were spaced with small pieces of cellophane film.
Light Microscopy
Living plasmodial fragments were examined with a differential interference microscope (Nikon Biophoto), and with a polarizing microscope (Nikon Apophoto) equipped with rectified strainfree optics and a Nikon BraceK6hler type compensator (S~ = 1/20~,). The compensator was used by setting the angle usually at 5-6 ° on either side of extinction. For fluorescence microscopy, fragments were fixed on ice for 10 min in a improved fixing solution (9) consisting of 2 % glutaraldehyde, 2 % paraformaldehyde, 50 mM KCI, 25 mM EDTA, 0.5% Triton X-100, and 10 mM K-phosphate buffer (pH 7.0). Phases of the contraction-relaxation cycle of the fragments were ascertained with the polarizing microscope immediately before application of the fixative. The specimens were further fixed for 30 min at room temperature in the fixing solution free of Triton X-t00, washed in PBS, and stained for 20 rain with rhodamine-phalloidin (Molecular Probes, Inc., Junction City, OR) diluted 20-fold with PBS. Observations were made with a fluorescence microscope (Nikon Optiphoto FEDA). Kodak Tri-X films were used and developed in Konidolsuper (Konishiroku, Inc., Tokyo) corresponding to ASA 3,2OO. For image analysis, micrographs of fine grain and of high contrast were obtained using Fuji Minicopy HR-II films (Fiji Phol~ Film Co., Ltd., Tokyo) that were processed in DI9 developer. For fluometry of the fragments, 10 samples were fixed at the contraction and relaxation phases, respectively, and stained with 20-fold diluted rhodamine-phalloidin for 1 h. After overnight washing with PBS, fluorescent intensities were measured with a fluorescence microscope (Olympus IMT-2-21NR) equipped with a photoncounter (model C-1230 with a type 4645 phototube; Hamamatsu Phototonics K. K., Hamamatsu City, Japan). The measurement was completed within 1 s after opening the shutter of the light source to avoid photobleaching. Areas of the fragments were measured on the micrographs, and the thicknesses were obtained from the cross sections of the fragments embedded in epoxy resin. From these measurements, the fluorescent intensities per unit volume of the plasmodia were calculated.
Image Analysis
Image processing and analysis were done with a Nippon Avionics image processing system TVIP-21OO to determine the areas of the birefringent fibrils on the micrograph images recorded at 12-s intervals. The areas occupied by fragments were computed from their contours.
Results
Dynamic Behavior of the Plasmodial Fragment
The plasmodial fragments contracted-relaxed cyclicly over a period of 3-5 min for more than 30 min after amputation from the plasmodium. Fig. 1 shows two successive contraction cycles of a fragment, i.e., a and c represent the maximum phase of contraction, and b and d the maximum relaxation. The fragments bulged up during contraction and flattened during relaxation phase. Contraction and relaxation could be monitored as changes either in the linear or area Figure 2 . Sequential birefringent images of a plasmodial fragment at 48-s intervals that were selected from a series of photographs taken every 12 s. The fibrils develop during the contraction phase, finally attaining a highly organized structure (d) in which several fibrils converge at nodes indicated by arrows. The fibrils disappear almost completely at maximum relaxation (a and f). The graph shows changes of the area during two successive cycles of the same fragment. The a, d, and f in the graph indicate the areas of the fragment marked with the same letters in the micrographs. From this figure, it is easily recognized that the maximum contraction corresponds to the maximum amount of fibrils and the maximum relaxation to the minimum amount. Bar, 100 Ixm. dimensions; the short axis, indicated by the two arrowheads facing each other in Fig. 1 a, shortened by 12 % at the maximum contraction, and the area was 9 % smaller during contraction. The area was a better indicator of contractility than length, because it was more regular and because the shape changed gradually with time.
In most cases, the fragments showed no prominent endoplasmic streaming, suggesting that there was very little, if any, difference in the local internal pressure. Cytoplasmic particles showed reversible translocations only for short distances in accordance with the contraction cycles. They moved centripetally in the contraction phase and centrifu-gaily in the relaxation phase (Notice the particles marked with arrows in Fig. 1 a) .
Cyclic Changes in the Fibrillar Organization of the Fragment by Polarizing Microscopy
We used polarizing microscopy to follow the rhythmic changes in the cytoplasmic actomyosin fibrils (Fig. 2) . In the contraction phase, the fibrils appear and reinforce the birefringence as if some of the dispersed filamentous material are combined into substantial fibrils (Fig. 2 d) . The fibrils usually intersect at many points (nodes) and form a threedimensional framework like a birdcage, although they are detectable as two lattices intersecting each other at an angle of ,~90 ° at any given setting of the polarizer and analyzer. In the relaxation phase, the birefringence of the fibrils gradually weakens as if they dissolve into the cytoplasm and disappear almost completely at the final stage (Fig. 2, a and f ) . Some of the fibrils show a tendency to remain near the nodes and the periphery. The birefringent changes are synchronized all over the fragment in most cases. The fibrils tend to appear at the same loci during a few cycles. Traces of a single fibril showed that the birefringence became gradually intense through a few strong-weak cycles and then diminished in the next few cycles. The area change of the same fragment has been examined during two successive cycles (see the graph of Fig. 2 ). The maximum contraction apparently coincides with the maximum amount of fibrils and the maximum relaxation with minimum amount. Such agreement was seen in almost all of the examined samples ('~50 fragments).
Fibrillar Organization by Fluorescence Microscopy
The birefringent fibrils in the most contracted specimens were fixed by our procedures and were stained with rhodamine-phalloidin, which provides verification that they conrain actin filaments (Fig. 3) . The cytoplasmic actomyosin fibrils are located mainly in the dorsal layer (Fig. 3 c) , composing a convex framework like a birdcage that entirely covers the dorsal layer of the fragment. There are fewer fibrils in the ventral layer (Fig. 3 d) . Fibrils converge at nodes (arrowheads in Fig. 3, c and d) . The middle layer of cytoplasmic sol between the dorsal and ventral cortical layers was stained evenly with rhodamine-phalloidin. In completely relaxed specimens, very few or no fibrils were stained (Fig. 4) .
Fluorescent intensities of 10 specimens, stained with rhodamine-phalloidin, were examined for each phase. At the contraction phase, the fluorescent intensities ranged from 3.49 to 6.00 × 105 cps/mm 3. Mean value with a standard error was 4.59 5:0.35 × 105 cps/mm 3. At the relaxation phase, they ranged from 2.32 to 6.14 × 105 cps/mm 3 (4.39 5:0.34 × 105 cps/mm3). These results indicate that the G-F transformation of actin is not the main underlying process of the fibrillogenesis.
Phase Relationship between the Generation Cycle of the Fibrils and the Contraction Cycle of the Fragment
We used image analysis to document quantitatively the phase relationship between the area of fragment and its content of fibrils (Figs. 5, 6, and 7) . The peaks of fibril content appeared just after the maximum contraction, delayed only by '~3 % of a normalized cycle. The minimum amount of fibrils cor- In vivo birefringent patterns of the same fragment in a contraction phase and the subsequent relaxation phase, respectively. As soon as b was taken, the fragment was fixed and stained with rhodamine-phalloidin (c). Some weak fibrils can be observed near the node and the periphery (arrows). Bars, 100 Bm. as a total), were analyzed. The smallest area of each fragment was regarded as 1.00; other data were normalized against this value. The maximum amount of fibrils corresponds to the maximum contraction (the minimum area) and that the minimum amount corresponds to the maximum relaxation (the maximum area). The time lags between the maximum amount of fibrils and the maximum contraction and between the minimum amount of fibrils and the maximum relaxation were very small as shown in Fig. 7 . responded within 1% of a cycle to the maximum relaxation (Figs. 6 and 7) . These results strongly suggest that the cytoplasmic actomyosin fibrils develop with the progress of contraction, attaining a highly organized structure at maximum contraction, and that they disintegrate almost completely at maximum relaxation. 
Discussion
The most developed fibrillar system occurs in the maximum contraction phase and not in the phase when the contraction rate is maximum. Kamiya and his co-workers (14, 24) found that the phase of maximum tension production corresponded to the shortest phase of the plasmodial strand and not to the phase of maximum shortening velocity, hereby offering evidence for the existence of a capacity similar to the tonic contraction in the molluscan catch muscle. Based on this interpretation, the developing process of cytoplasmic fibrils must be the substantial mechanism maintaining such a tonic contraction, and the most developed fibrils must generate a tonic tension. This explanation may offer suggestions for understanding the functions of fibrillar systems in other nonmuscle cells such as stress fibers (5, 22) . Using fluometry of plasmodial fragments stained with rhodamine-phalloidin, we have presented quantitative results suggesting that the cytoplasmic fibrils are formed depending on the changes in the aggregation pattern of F-actin. This indicates that some activities play a role in organizing F-actin filaments into three-dimensional network of the fibrils during the contraction phase. Short and weak fibrils tended to remain around the nodes through the relaxation phase. Similar structures in culture cells have been shown to act as converging points and to contain an actin-binding protein, ¢t-actinin (20, 21) . The roles and components of the node in the plasmodium need to be clarified for understanding the fibrillar dynamics.
As previously described (9, 11, 13, 25) , the cytoplasmic fibrils in the anterior of a thin-spread plasmodium are generated when the endoplasm is streaming backward and degenerate in the reverse direction. In contrast, the fibrils in the posterior regions exhibit no rhythmic changes. Based on our findings that the fibrils form in the contraction phase of the plasmodium, we conclude that the shuttle streaming is caused by the periodic contraction of the anterior region (10, 32) . The endoplasm may flow forward when the internal pressure of the anterior region becomes lower than that of the posterior, which remains nearly constant, and may flow backward when the pressure in the anterior becomes higher.
The plasmodial fragment system developed in this study is an advantageous model system for investigating nonmuscle cell motility, because it exhibits uniformity in contractility and synchrony in the morphodynamical behavior of the contractile apparatus. Furthermore, by using the microinjection technique, this system may offer good opportunities for more definite investigations with regard to the functions of the regulatory factors such as Ca :+ (1, 19, 28, 33, 34) , nucleotides (29, 33) , and actin-binding proteins (7, 26, 27) .
